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Summary

P803 is a v, appearance experiment sensitive to very small neutrino mixing angles
and to neutrino mass differences in the cosmologically interesting region. It focuses on
the ability to demonstrate an unambiguous 7 signal if oscillations exist within a factor
of five of its 90% confidence level sensitivity, sin?(2a) < 2.8 x 10~%. Ultimate results
from P803 will come from the very intense neutrino beams possible with the Fermilab
Main Injector. However, P803 can achieve discovery potential superior to competing
experiments in a shakedown run using a beam from the existing Main Ring, and then
remain at the same site for Main Injector beam when it becomes available. Alternatively,
P803 could run in the same beamline with the long-baseline experiment P822 (Soudan
2 detector) during the Main Injector era.

The P803 apparatus is a hybrid emulsion-electronic spectrometer. Candidates for T
decays are directly observed in the emulsion target, and information from the electronic
spectrometer is used both to select and locate events to be scanned, and to provide
momentum, energy, and particle identification for kinematic analysis of the 7 candidates.
A possible one-prong 7 decay appears in the emulsion as a ‘kink’, with no evidence of
nuclear breakup, in an outgoing track from a neutrino interaction; the emulsion kink
track must be matched to a spectrometer track of measured momentum and negative
charge.

This proposal replaces the P803 proposal submitted in October, 1990, and the up-
date report of June, 1993. There have been major increases in sensitivity, reductions in
cost, and simplifications in design since 1990. The estimate of total neutrino interactions
available to P803 from the Main Injector has increased by more than a factor of four.
A revised apparatus based on an inexpensive conventional air-gap magnet instead of
the obsolete 15-foot bubble chamber magnet has made the experimental design simpler
and cheaper. The recently-realized option of early oscillation running with Main Ring
beam before the Main Injector provides major savings in civil construction costs, more
timely results, and increased opportunity to do other physics with the same detector.
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1. Introduction

P803 is a v, appearance experiment sensitive to very small neutrino mixing
angles and to neutrino mass differences in the cosmologically interesting region.
It focuses on the ability to demonstrate an unambiguous 7 signal if oscillations
exist within a factor of five of its 90% confidence level sensitivity, sin?(2a) <
2.8 x 1075, Ultimate results from P803 will come from the very intense neutrino
beams possible with the Fermilab Main Injector. However, P803 can achieve
discovery potential superior to competing experiments in a shakedown run using
a beam from the existing Main Ring, and then remain at the same site for Main
Injector beam when it becomes available. Alternatively, P803 could run in the
same beamline with the long-baseline experiment P822 (Soudan 2 detector) during
the Main Injector era.

The P803 apparatus is a hybrid emulsion-electronic spectrometer. Candidates
for 7 decays are directly observed in the emulsion target, and information from the
electronic spectrometer is used both to select and locate events to be scanned, and
to provide momentum, energy, and particle identification for kinematic analysis
of the 7 candidates. A possible one-prong® 7 decay appears in the emulsion as a
‘kink’, with no evidence of nuclear breakup, in an outgoing track from a neutrino
interaction; the emulsion kink track must be matched to a spectrometer track of
measured momentum and negative charge®.

This proposal replaces the P803 proposal submitted in October, 1990, and
the update report of June, 1993. There have been major increases in sensitivity,
reductions in cost, and simplifications in design since 1990. The estimate of total
neutrino interactions available to P803 from the Main Injector has increased by
more than a factor of four. A revised apparatus based on an inexpensive conven-
tional air-gap magnet instead of the obsolete 15-foot bubble chamber magnet has
made the experimental design simpler and cheaper. The recently-realized option
of early oscillation running with Main Ring beam before the Main Injector pro-
vides major savings in civil construction costs, more timely results, and increased
opportunity to do other physics with the same detector.

New collaborators have joined P803: the E815 contingent from Columbia Uni-
versity, and groups from the University of Michigan and Technion - Israel Institute
of Technology. The Fermilab component of the collaboration has more than dou-

bled.

1One-prong modes are chosen to discriminate against ‘white-star’ interactions and anticharm
decays, which have a larger three-prong component.
2The beam is predominantly v, rather than ,, hence 7~ rather than 7t is expected.



2. Physics

2.1 Motivation for v, oscillation search

Interest in neutrino oscillations is even higher now than it was in 1990 [1].
There is an apparent deficit both of v, coming from the sun [2], [3], [4] and of v,
coming from atmospheric cosmic-ray interactions [5], [6], [7]. The recent COBE
observations [8] suggest that 30% of the matter needed to close the universe could
reside in hot dark matter, e.g. neutrinos. Cosmological arguments [1] assert that
there is a window for the mass of the heaviest neutrino between 7 and 28 eV, and
general arguments based on see-saw mechanisms [9] predict that v, is by far the
heaviest of the three neutrino species.

Accelerator searches are also being actively pursued. The CHORUS [10, 11]
and NOMAD [12] experiments at CERN are now being staged; each claims an
eventual sensitivity for », — v, an order of magnitude better than that ob-
tained [13] by E531 a decade ago. Within the past year, an ambitious long-baseline
experiment {E889) to look for v, — v, has been approved at Brookhaven.

The probability for two-component neutrino oscillations is given by

. . LN ./ L
PROB(v, — ) = sin’(2a) [ sin’ (1.27 §m? 'E') d (E‘)

with §m? = m2 — m? in eV?, the source-to-detector distance L in meters and the
~ neutrino energy E, in MeV. P803 short-baseline measurements made close to the
~source have the advantage of high statistics for investigating small mixing angles
" o for §m? above 5 eV?, just the range which is cosmologically interesting.

2.2 Standard Model physics

The combination of 6 x 10® charged current interactions, an intermediate en-
ergy neutrino beam, high precision charged particle tracking, and emulsion-quality
vertex resolution permits several high quality standard model measurements in
the P803 experiment. These include the determination of the CKM matrix ele-
ment V.4 to an accuracy approaching the unitarity limit; a 5% determination of
the charm quark mass; a unique exploration of charm production dynamics in
neutrino scattering; and the first precision extractions of the structure functions
Fy(z,Q?) and zF3(z,Q?) using neutrino data in an (z, @?) regime which overlaps
comparable electroproduction data from SLAC.

This Standard Model physics is described in Appendix A. An alternate method
(from the 1990 proposal) for determining V.4 to £3%, but with more model de-
pendence, is presented in Appendix B.



2.3 Observation of directly-produced v,’s: P872

Another option for additional physics with the P803 detector which would
result from a possible a Proton West location (see Section 5.2) for the P803 spec-
trometer, would be the capability of observing v,’s produced directly in an 800
GeV proton beam dump, as suggested in Letter of Intent P872. The physics of
P872 is complimentary to the oscillation physics of P803: P872 is a probe for
measuring properties of v, interactions in their own right, and is not sensitive to
oscillations at the expected level. Tests for conventional, Standard Model proper-
ties can be done as well as searches for more exotic processes.

P872 could use most of the same detector elements proposed for P803: an
emulsion target with scintillation fiber tracking and a magnetic spectrometer.
However, instead of targeting 120 GeV protons for a neutrino horn, P872 would
dump 800 GeV protons 35 m from the emulsion target, and observe v,’s from
decays of Dy produced in the dump.

3. The focus of P803: seeing r’s

When all proposed running is complete, the improved P803 will have a 90%
confidence level sensitivity an order of magnitude better than that aimed for
by CHORUS or NOMAD, and more than two orders of magnitude better than
that obtained by E531. However, we believe that discovery potential is even more
valuable than a greatly improved null limit. In contrast to the CERN experiments
which emphasize the urv and evv modes, P803 concentrates on the ability to
identify 7 decays in the two-body and quasi-two-body modes #~v and p~v (with
p~ — 7~ =), which have distinctive kinematic signatures and measurable proper
decay times, in addition to the ev¥ mode.

The essential quantity in seeing a signal is the transverse momentum pr of the
measured decay products relative to the parent direction, which can be measured
to better than 1 mr in the emulsion. A decay mode with only a neutrino unmea-
sured, such as 7 — 7v, has a pronounced Jacobian cusp at the maximum allowed
pr (Fig. 1a). Asshown in Figs. 1b-1d, it is essential that momentum as well as di-
rection be well-measured, since the cusp signature rapidly degrades as momentum
resolution worsens. Of competing experiments worldwide, only P803 will have the
apparatus to deliver a sharp edge. For example, CHORUS [10, 11] is designed? for
a typical hadron momentum resolution of typically +18% (Fig. 1d) while P803
will maintain a resolution of typically £3% (Fig. 1c). NOMAD, which has no
emulsion, does not measure the direction of the r candidate and thus cannot see



any edge at all.

The pr cusp technique has been proven to work on one-prong decays in emul-
sion, as shown by the preliminary result from E653* in Fig. 2. This plot is a
histogram of pr from one-prong muonic kinks found in the E653 emulsion. The
clean cusp at the endpoint of the spectrum contains 23 events {of an eventual
70) of the purely leptonic decay Ds — pv, which kinematically closely resembles
7 — 7v. The events at lower pr in Fig. 2 come largely from D+ — K°uv, which
has two missing neutrals. The lack of background events above the Dg mass shows
the power of combining emulsion and electronic techniques. It should be noted
that the product of cross section and branching ratio for Dg — pv is 1072 of all
produced charm, or roughly 10~¢ of all 600 GeV 7~ interactions in emulsion.

The ability to obtain proper decay times and correct lifetimes from one-prong
decays in emulsion has also been demonstrated by E653; a momentum estimator
developed for measuring lifetimes of unconstrained beauty decays [14] works well
also for one-prong charm semileptonic decays. Fig. 3, unpublished data from E653,
shows proper decay time distributions for 103 two-prong neutral charm decays,
and for 101 one-prong charged charm decays with a muon; these events were found
in the emulsion scan for beauty [14]. The resulting lifetimes are (0.40 & 0.04) ps
(neutral) and (0.81 £ 0.08) ps (charged); the former agrees well with the world
average DP lifetime, and the latter is consistent with the average lifetime of the
expected mix of D* and Ds decays. These momentum and lifetime estimation
techniques are directly applicable to one-prong 7 decays.

The quasi-two-body decay 7 — p~v can be treated in a manner similar to r —
7~ v by identifying the electromagnetic decay products from the p~ and adding
their 4-vectors to that of the 7#=. Since at least one gamma usually converts in the
emulsion target, 7%’s often must be assembled from several pieces. Fortunately,
the 7° multiplicity at our energies is small, and the 7° from the 7 decay is usually
the most energetic one in the event.

In terms of a null limit, P803 will still have high efficiency for the ev? mode,
although the larger flux of v, charged current (CC) events and the consequent
increase in scan load now preclude attempting to see 1 — uvw.

3In the July, 1993 reworking of the CHORUS proposal [11], the estimated momentum reso-
lution is a factor 2 better than in the December, 1991 version [10].

4Fermilab E653 is a hybrid emulsion experiment in a 600 GeV #~ beam. Most of the emulsion
participants, and many of the counter participants, of P803 are also in the E633 collaboration.



4. How the experiment is done

4.1 QGeneral considerations

P803 will operate in a double-horn, wideband neutrino beam which is pre-
dominately v,, with an average energy of v, charged-current (CC) interactions of
16 GeV. The v, interaction cross section is suppressed at low energy by kine-
matic and helicity effects (Fig. 4), so that the average energy of a v, interaction
is significantly higher: if the v, beam were to oscillate completely to ».’s, the
average energy of a v, CC interaction would be 26 GeV. Simulated momentum
distributions for 7’s from v, CC interactions, and for u’s from v, CC interactions,
are compared in Fig. 5. Distributions of expected momenta and energies from 7
decay modes of interest, and from v, charged-current events, are given in Fig. 6.
The decay products of produced 7’s are on average considerably stiffer than par-
ticles in background events. For example, the average momentum of the 7~ from
T — 7~ v is 4.2 times that of a negative hadron from the background, and the av-
erage energy of a 4 from 7 — p~v is 2.7 times that of a CC or NC . This feature
is important in selecting events for scanning, and in kinematic reconstruction of
T candidates.

Because of the large number of neutrino interactions expected in P803, ap-
proximately 8 x 10%, it is not possible to scan the emulsion for every neutrino
interaction (as was done in E531) even though the event-handling capacity of the
emulsion groups has increased by more than an order of magnitude since that
experiment was done. A potentially 7-rich subset containing a few percent of the
interactions must be selected from the spectrometer data for emulsion scanning,
implying some detection efficiency losses from the necessary cuts. The spectrome-
ter and the selection procedure must be designed to perform these cuts efficiently.
Fig. 7 shows the resulting 7 efficiency as a function of neutrino energy after selec-
tion.

The large number of neutrino interactions in P803 makes it imperative that
the rate of background events be small and measurable. Since most interactions
and charm decays are multiprong, a major reduction in background results from
limiting the search to single-prong decay modes of 7= (Table 1 [15]), in events in
which there is no detected muon or electron from the primary vertex.

4.2 Beam and target parameters

Beam and target parameters for P803 are given in Table 2 for Main Injector
running. The emulsion target is smaller in area and thickness than in the 1990
proposal, to eliminate regions with marginal beam flux and reconstruction effi-
ciency. Predictions of Main Injector performance have become more optimistic
since 1990, and the stated 6 x 10'® protons per 1.9 sec is a conservative estimate



TABLE 1.
Single-Prong Decay Modes of 7~

Label | Decay Mode | Branching Ratio
1 778 7 17.6%
2 eV, Vs 17.9%
3 7 vy, K- v, 12.7%
4 7%, 24.4%
5 7~ v, multi-y 13.2%
Total one-prongs 85.8%

(10* protons and 1.5 sec are perhaps possible from the mature machine). One
8-month run is not a sensible return on the investment in building the beam and
spectrometer, and does not realize the full physics potential of the experiment.
We assume here that there will be four 8-month runs spread out over several
years, and that the total number of protons will be 6.3 times that in the 1990 pro-
posal: 13 x 10?°, The resulting number of interactions in the target is 4.2 times
greater than in the 1990 P803 proposal. Sensitivity equal to that anticipated by
either of the CERN experiments will be achieved in only a few months of running.

4.3 Summary of procedure

Virtually every neutrino interaction in the emulsion target will be recorded
on tape. Analysis then proceeds as follows: First, events recorded on tape are
reconstructed. A subset is then selected for scanning in the emulsion. The primary
neutrino interaction vertex is found by linking one track (the “leading track”) from
the spectrometer tracking to the downstream face of the emulsion, and following
it back to the primary.

The features of a tau decay candidate in the emulsion are indicated schemat-
ically in Fig. 8. Because of the relatively large mass of the 7, it is produced at
relatively small laboratory angles: 98% of real rtracks will be at angles less than
15°. One-prong decay candidates are located by following down all primary tracks
within a cone of 15° from the beam direction for a distance of 1.5 mm, searching
for a kink of more than 10 mrad. (Note that ¢r for 7’s is 0.091 mm, and ~’s are
of the order of 3, so that 1.5 mm is more than adequate.)

For events in which a kink is found, the kink secondary must be followed all
the way to the exit of the emulsion and linked to the spectrometer so that its
charge and momentum can be determined. Positively-charged kinks are rejected



TABLE 2.
Beam and Target Parameters of P803

(Main Injector Running)

Item P803
Volume of emulsion 150 liters
Mass of emulsion 0.52 ton
Area of emulsion 1.8 mx1l.4m
Thickness of emulsion 6.0 cm
Primary proton energy 120 GeV
Protons per pulse 6 x 10'3
Cycle time 1.9 sec
Number of pulses’ 2.2 x 107
Total protons on target 13 x 10%°
Average CC interaction energy 16 GeV
CC interactions in target (all E,) 6.3 x 108
NC interactions in target (all E,) 1.8 x 108

t Assumes four 8-month run at 100 useful hours/week.

at this stage, as are those which are too soft (momentum p < 1.0 GeV/c) or have
insufficient transverse momentum (pr < 0.30 GeV/c) relative to the candidate
7 direction. For events meeting these criteria, it must be established that none
of the tracks from the primary vertex are identified as muons (v, CC event) or
electrons (v, CC event). Many such tracks can be matched between emulsion and
spectrometer without followdown, but ambiguous matches must followed out.

The small number of events in this kink sample are then studied intensively
by physicists, as was done in E531. Neutral pions are reconstructed by combin-
ing information from the electromagnetic calorimeter, the spectrometer, and the
emulsion. In addition to gamma conversions in the calorimeter, gamma conver-
sions in the emulsion are located, and the conversion electrons (even those too
soft to traverse the magnet) are reconstructed interactively. Finally, the 7 decay
modes consistent with the event must be identified, and the event must pass the
particle identification and kinematic cuts for at least one of these modes.

Backgrounds to 7 decays are discussed in detail in Section 8. We mention the
most serious of them here, because the experimental design described in Section 6



is motivated in part by the need to reduce them. They turn out to be one-
prong decays of anticharm produced by the 7, contamination of the beam, and
one-prong interactions with no indication of nuclear breakup (“white star kinks”).

5. Beam issues

5.1 Main Injector beam

Considerable progress has been made by the Neutrino Areas Working Group
in understanding and optimizing the high intensity neutrino beam from the 120
GeV Main Injector [16]. The beam described here has been optimized for useful
high energy (> 15 GeV) flux. Equally important for this experiment, the back-
ground fluxes of 7, and 7, which give rise to anticharm background to 7’s, are
much smaller than those in previous Fermilab beams. These design results have
been confirmed by agreement among four independent simulation programs. Ef-
fects such as interactions in the horn material have been studied and understood.
Particle production data for two of these programs have been parametrized using
data from the Fermilab Single Arm Spectrometer (SAS) [17], [18] for 100 and
175 GeV protons. Agreement with the older 400 GeV parametrization formerly
used, extrapolated to 120 GeV, is good to 10%-15% in most kinematic regions of
interest.

The production target (inspired by a CERN design) is a series of thin graphite
cylinders 3.0 mm in radius, totalling 2.0 interaction lengths, and separated by
gaps to give an average density half the normal value. Heat load studies by A.
Malensek indicate that this design is indeed practical. Most of the secondary flux
from this target escapes out the sides of the cylinder rather than being reabsorbed;
it gains more than a factor 2 in flux per proton over the 1.1 interaction length Be
targets employed in past Fermilab neutrino experiments. If the proton beam has
a Gaussian area density of standard deviation 1.3 mm, 80% of the primary beam
interacts in the target, and only 24% of the useful secondaries are absorbed.

The horn for the new beam (Fig. 9), designed by A. Malensek, is significantly
more efficient than previous double-horn implementations, achieving nearly 50% of
the flux from a “perfect” horn (one which puts all particles on-axis) for neutrinos
above 15 GeV. It will run at a current of 140 to 160 kA.

The beam used for rate calculations in this proposal has a decay pipe 320 m
long, followed by a muon shielding berm 150 m in length®. The energy spectra
for v,, 7, v, and 7; expected from this beam (weighted by F, and expressed
as charged current interactions/ton/GeV) are shown in Fig. 10. The yields come
from a Monte Carlo program which uses the SAS particle production data, and




includes absorption of secondaries in the target and horn but does not simulate
the additional flux from tertiaries. This buildup effect has been studied using
another (GEANT-based) Monte Carlo; it shows an enhancement by 30-50% of
the v, flux below 10 GeV, which is below our effective anticharm threshold and
therefore harmless.

The v, spectrum peaks around 8 GeV, slightly below the effective threshold
for v, interactions; the huge flux per unit real time available from this beam
(Table 2) more than compensates for its low energy. The total v, charged current
(CC) interaction rate in the P803 detector is 5.0 x 10° per 10'® protons. The
ve CC rate is 0.8% of that for v, but peaks at higher energy since it comes
predominantly from K~ decays. This flux will be measured and used to set a
limit for v,«sv, oscillations.

The background 7, CC rate is only 0.7% of that for v, CC; above 10 GeV
it is dominated by decays of #~ and K~ which pass through the horn apertures
undeflected. Estimating this rate correctly requires knowledge of the small pr
dependence of production cross sections, which is helped greatly by the newer
data [17],[18]. The excellent efficiency of the horn for v,’s also reduces the rela-
tive contamination of 7, which are not focussed. The 7; CC rate is shown by the
Monte Carlos to be dominated by K? decays; the CC rate for this background
component relative to v, is only 6 x 107*, which means that the anticharm back-
ground from 7; is negligible compared to the already small background from 7.

Most of the running for P803 would require neutrinos rather than antineu-
trinos. The antineutrino running is important, however, for both the standard
model physics (production of anticharm from the sea by antineutrinos), and for
understanding the cuts necessary to remove the anticharm background to = de-
cays. The 7, charged current interaction rate, with the horn set for negatives, is
somewhat less than half of the v, rate given above.

5.2 Main Ring beam

At this time, there are two possible locations for P803 in the Main Injector
era:

e Sharing a beam with the long-baseline oscillation experiment P822. This
beam must incline downwards at a 3.3° angle to aim at the Soudan detector
in Minnesota. This location would put the P803 detector about 200 feet
underground, and would delay the start of P803 until both the Main Injector
and the slant beam are built.

®Recent simulation studies have shown that the high-energy flux useful for P803 is not a
strong function of the decay pipe length.



e A surface or near-surface beam. This option becomes very attractive if the
beam could be fed by 150 GeV protons from the Main Ring, and then later
by 120 GeV protons from the Main Injector.

One possible location for P803, currently being investigated, is the PW8 ex-
perimental hall, located at the end of the Proton West beamline. Though the full
feasability and cost effectiveness of using this location have not been determined,
this location has the advantage that the experimental hall, major beamline enclo-
sures and supporting utilities exist. The PW6 enclosure contains a high intensity
target station, including groundwater protection and adequate space to install a
neutrino beam target/horn system and to begin the decay tube. The PWT enclo-
sure is 123 m long and wide enough to contain the remainder of the decay tube
and the beginning of a 60-70 meter steel shield. The PW8 enclosure is a large
experimental hall which would contain the remainder of the steel shield and the
P803 hybrid emulsion spectrometer.

The feasibility of this location will depend on developing a cost-effective plan
for extracting and transporting through the switchyard 150 GeV protons from
the Main Ring and studying the PWest beamline in much more detail than has
been done to date. In particular, the plan’s success will depend on the ability to
target and focus the beam using elements in the PW5 enclosure, which is 100 feet
upstream of PW6. Additionally, the parameters which determine the neutrino
flux and oscillation length, namely, the length and diameter of the decay tube,
and the length of the muon shield, will have to be optimized to fit in the existing
enclosures. We believe these studies can be accomplished within three months.
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6. Detector design

P803 was originally designed to fit inside the surplus superconducting Helm-
holtz coils of the old 15-foot bubble chamber magnet. In the intervening time,
cost estimates for moving, refurbishing and operating this obsolete magnet have
steadily escalated. A revised P803 detector is presented here, based on an inex-
pensive conventional air-gap magnet. The new open design (Fig. 11) is cleaner,
simpler, and cheaper; it resembles a scaled-up version of the E531 spectrom-
eter. The essential elements are the emulsion target and interface sheets, the
scintillating-fiber upstream tracking, the magnet, the drift-chamber downstream
tracking, the electromagnetic calorimeter, and the muon identifier. Event simula-
tions which illustrate features of the design are shown in Figs. 12-15.

6.1 Emulsion target

The emulsion target is comprised of two stacks of ‘bulk’ emulsion, each 1.8 m
wide, 1.4 m high and 3.0 cm (= 1.0 radiation length) thick, with a total volume of
150 liters and a mass of 0.52 tons. High-quality Fuji emulsion, used in E531 and
E653, will again be obtained. Each stack consists of four 90x70 cm modules of the
“vertical” type [20] in which particle track directions are nearly perpendicular to
the emulsion sheets; this configuration is well-suited to rapid semiautomatic and
fully automatic scanning techniques [21] developed at Nagoya University. Each
module is composed of 25 emulsion sheets, vacuum-packed into a stack 3.0 cm deep
in the beam direction. The sheets are constructed of two 600 micron emulsion
layers bonded on opposite sides of a 90 micron acetate rayon base, which increases
rigidity and minimizes emulsion warpage due to shrinking during the development
process. Two such 180x140x3.0 cm® bulk targets are separated by layers of
scintillating fibers and interface sheets to expedite event location (see below).

The radial distribution of high-energy neutrinos falls off rapidly beyond a ra-
dius of 1 meter, so that a larger area for the emulsion is not cost-effective, and
also requires increased size of the downstream spectrometer components. The
depth of the stack is a more complex issue. The radiation length of emulsion is
only 2.89 cm, so that many neutrino interactions in the upstream portion of the
target produce well-developed electromagnetic showers in the emulsion, which the
tracking system must be able to deal with (see simulations, Figs. 13-15). In E531,
which used drift-chamber upstream tracking, and which had no tracking between
emulsion stacks, events more than 5 cm deep in the emulsion were located less
efficiently, and complete kinematic reconstruction of charm decays was more diffi-
cult. However, improved tracking may well allow a thicker target. The CHORUS
collaboration is planning [11] to use a target 12 cm deep in conjunction with fiber
tracking similar to that planned for P803. While we believe that a target this
thick is truly challenging, the effectiveness of increasing the P803 target thickness
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beyond 6 cm is being investigated.

6.2 Linking tracks into the bulk emulsion

Timely analysis of the experiment depends in large measure on the speed and
efficiency of finding, and linking to the bulk emulsion, a ‘leading track’ which can
be followed back to the primary vertex. For quick followback this track should
have a small polar angle (< 15° mrad) and not be too soft (p > 1 GeV/c).

There is an inherent bad match between electronic tracking devices and bulk
emulsion resulting from the small field of view of the scanning microscope, about
150 microns on a side; this is a scale similar to the rms error in good wire chambers.
When reconstructed wire chamber tracks are projected back to the emulsion, high
efficiency demands making a search window which is 3 or 4 times the rms error
(including that from multiple scattering) in the extrapolation. This search window
can easily encompass 30 fields of view, which slows down the linking procedure
and increases the chance of an accidental match to an unrelated track, leading to
a large waste of time while a false trail is followed and rejected.

In past hybrid experiments by members of this collaboration special devices
have been used to solve this problem: the “changeable emulsion sheet” [20] in
E531, and silicon microstrips, an emulsion sheet, and a moving emulsion tape [21]
in E653. The proposed solution here is small-diameter scintillating fibers which are

interspersed with the emulsion layers, together with changeable interface sheets
" similar to those used in both E531 and E653, and by CHORUS.

6.3 Interface sheets

Interface sheets consisting of thin layers (& 70 ) of emulsion, on opposite
sides of a thicker sheet of plastic (= 800 u), were used in both E531 and E653; the
concept is illustrated in Fig. 16. These interface sheets act as a precision vernier
on spectrometer tracks, allowing tracks to be extrapolated into the emulsion with
high precision. They will be changed frequently to lower the track density, and
can be scanned with high efficiency for near-normal tracks (§ < 15°) with the
fully automatic system developed by Nagoya University [19].

One interface sheet (I) will be located immediately downstream of each bulk
emulsion stack (E), for extrapolating into the bulk emulsion. A few cm down-
stream of each such sheet is another pair of sheets (II), which may be changeable,
followed immediately by a fiber tracking module (F); as shown in Fig. 17, the full
target configuration is thus (EI IIF) (EI IIF). Track extrapolation proceeds from
F to II, from Il to I, and I to E.
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6.4 Upstream tracking: scintillating fiber modules

Tracking on the upstream side of the bending magnet must be able to recon-
struct all tracks coming out of the emulsion with high efficiency, including soft
electrons which do not get through the magnet. Successful pattern recognition
close to the thick P803 target requires many samples and good two-track reso-
lution; this must be accomplished in only 50 cm of depth between target and
magnet.

It was originally proposed to use a combination of scintillating fibers close to
the target, and multisampling drift chambers farther away. However, the Nagoya
members of this collaboration have made great progress in scintillating fiber tech-
nology. Their proven fiber modules, which are now being mass-produced for the
CHORUS experiment at CERN, are ideally suited for the upstream tracking in
P803, and we now plan to depend solely® on fibers for pattern recognition in this
tracking region.

The present Nagoya fiber modules are built of ribbons 43 cm wide and 7
fibers deep (Fig. 18), of 0.5 mm diameter clad plastic fibers. Bundles of fibers
(Fig. 19) are read out by assemblies (Fig. 20) each consisting of a high-efficiency,
low-gain electrostatic image intensifier, a gated high-gain microchannel plate, and
a demagnifying stage coupled to a CCD. The measured combined efficiency of
fibers and readout is better than 1.0 detected photoelectron per fiber for a normal
minimum ionizing track, or about 4.4 hits from a ribbon 7 fibers deep. Fiber
modules consist of ribbons oriented in four directions, separated by a 1.0 cm
spacer of low-density plastic honeycomb: z y (spacer) z’ y’, where the z’ and ¥’
fiber ribbons are rotated 10° from z and y. Each module thus typically delivers
4.4 hits per track in each of four projections. The present design calls for one
such fiber module after each of the two emulsion stacks as described above, and
two more at 20 cm intervals in the remaining space upstream of the magnet.
This design will allow rough determination of the momenta of soft tracks by their
curvature in the fringe field, and will also allow topological identification of ete~
pairs and showers emerging from the emulsion, since there will be enough samples
to discriminate doubly-ionizing from singly-ionizing tracks (Fig. 15).

The Nagoya fiber system has two relatively minor drawbacks. First, the image
intensifier assemblies must be mounted in regions well-shielded from magnetic
fields. Second, although the microchannel plates in these assemblies are gated by
a trigger, to minimize deadtime it is intended to read out the CCD’s at the end
of each 1 ms spill. A typical spill readout may thus contain more than one event.

Although the present Nagoya fiber modules are an existence proof of fiber

6Because of the limited time resolution of the fiber readout, it may be desirable to put a pair
of drift chambers immediately upstream of the magnet for time-tagging of tracks.
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tracking technology, improvements to this system will likely occur before P803
is built. The Nagoya group is experimenting with plastic fibers of 300 micron
diameter, and the Tufts and Technion groups are testing cerium-loaded glass fibers
which show promise of good photon yield at even smaller diameters. Kansas
State and the University of Minnesota are testing avalanche photodiodes as an
alternative to the image intensifier package; this readout solution has excellent
quantum efficiency and time resolution, and is not bothered by magnetic fields.

6.5 Magnet

The bending magnet must have a large aperture to accomodate relatively low-
energy events originating in the large-area target. It must have a useful pr kick
greater than 0.1 GeV/c to provide the < 5% momentum resolution needed to
preserve the characteristic cusp signature of 2-body = decay modes. A uniform
field is not required if the field is well-mapped, since the number of candidates for
which this resolution is required is small.

A preliminary computer-based design which meets these specifications has
been prepared by R. Fast and B. Wands of Fermilab. The magnet (Fig. 21) has
a vertical aperture of 2.3 m and a pole width of 2.7 m, and is only 1.2 m thick.
It has an average useful field integral of 0.5 T-m (Fig. 22), giving a pr kick of
0.15 GeV/c. The momentum resolution for tracks measured on both sides of the
magnet will be Ap/p = 0.0031p & 0.028, while for tracks measured only in the
~ upstream fringe field Ap/p = 0.071p @ 0.33 (& means quadrature addition).

6.6 Downstream tracking

For best efficiency, the tracking downstream of the magnet should be able to
reconstruct track segments independently of the upstream tracking, as was done
in E531 and E653. In order not to contribute significantly to momentum error, it
should have direction resolution somewhat better than that of the upstream track-
ing. These considerations lead to drift chambers with about 1 m of lever arm,
with at least three projections, (e.g. z, z £ 15°) and at least four samples per
projection. Larger versions of the simple single-gap E531 chambers now appear
to suffice. The chambers will be 3.1 x 3.1 m? in size, with a sense wire spacing of
2.5 cm. The LeCroy timing chip we are planning to use (Section 6.9) will record
multiple hits per cell, and both leading and trailing edges of the shaped pulses,
for good two-hit resolution.

6.7 Electromagnetic calorimeter

Information from the electromagnetic calorimeter will be used in selecting the
sample of events to be scanned (offline analysis of a large number of events),
and in reconstructing in detail the small number of events with a candidate kink
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(interactive work by physicists). The initial vector momenta of photons and elec-
trons will be reconstructed from both calorimeter information and from the mea-
sured trajectories of secondary electrons which traverse the magnet or penetrate
its fringe field. Our simulations indicate that such secondary electrons can be
identified quite well as charged tracks with nearly the same initial direction as
an identified photon or another charged track, within a few degrees. The kine-
matic reconstruction used in selecting events (Section 7) requires knowledge of
the vector transverse momentum pr of photons and charged particles in order to
distinguish candidate 7 decay tracks from the rest of the event. The calorimeter
must therefore measure the directions of photons to about a degree, and resolve
showers coming from different parent 7’s or hadrons. The required energy res-
olution is still being studied; the performance assumed thus far for simulations,
AE/E =01&0.3/ V'E, appears to be adequate. Due to the low mean energy of
v’s expected from NC and CC interactions (Fig. 6), and to the high probability
of pair production and bremsstrahlung in the emulsion target, it is desirable for
the emcal to detect photons with energy as low as 100 MeV,

In the 1990 P803 proposal, a gas calorimeter with cathode readout of Iarocci
tubes was discussed. This choice of calorimeter technology was based on its good
position resolution and low cost. However, detecting shower energies between
100 MeV and 20 GeV may prove difficult with a calorimeter based on gas am-
plification. Our preferred choice is now an uncompensated lead-scintillating fiber
calorimeter with lateral readout. This type of calorimeter was first discussed in
1984 [22], and since then there have been many versions of this type of calorime-
ter and much theoretical work on their operation [23]. The principal advantage of
this type of calorimeter is its demonstrated very high light yield [24]. If the ratio
of the volume of lead to fiber is close to unity, the photon yield is of the order of
5000 photo-electrons per GeV of deposited energy. This high light yield will allow
identification of low energy showers and matching of stereo views of the shower
with using energy deposition information.

The disadvantage of this type of calorimeter is the difficulty of doing in-situ
calibration. Since there are no convenient calibration sources in the beam, we
will have to rely on muons from charged current interactions, stabilization of the
photo-detector response using light pulse injection, and fitting of =° peaks from CC
data. However, since our requirement on the constant term for the calorimeter
resolution is estimated to be ~ 10%, this can be achieved without the use of
embedded sources and current measurements.

The design of the calorimeter has still to be worked out in detail; nevertheless
it is clear to us that this is the best type of calorimeter for P803. A schematic of
our current design for the calorimeter is shown in Fig. 23. The overall dimensions
of 3.1 x 3.1 m? are determined by acceptance requirements. Scintillating fibers are
laid perpendicular to the beam direction and are arranged in three views (x,y, and
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u), with the stereo view (u) set at an angle of 15° to the horizontal plane. The
full 21 X, is made up of three identical modules each 7 X, thick, with the back
two modules ganged together. Each module has 3 layers of fibers in each stereo
view, with each layer consisting of a pair of staggered fiber planes. We plan to use
1 mm diameter fibers with a center-to-center spacing of 1.3 mm in the plane to
maintain a uniform response across the surface. Strips of fibers 20 mm wide will
be ganged together from the three layers of the same stereo view. These strips
would be ganged together at the photodetector to give two depth samplings, one
from the first module and second from a combination of the second and third
modules. Ganging together the fibers in this way leads to a photodetector count
of 2000, with an allowance for 5% spares. This ganging scheme is being considered
since most of the signal from the low energy electromagnetic showers will be in
first module alone, further reducing the confusion matrix, and, in addition, the
front to back ratio will supplement the electron identification.

The fibers will run the full width and height of the calorimeter and will be
read out at both ends. In this way the location of the shower in a single view
can be obtained from the ratio of the pulse-heights. It would also be possible
to use time differences between the two readout ends for the same function. It
has recently been reported that time resolutions of 70 psec can be achieved for
electromagnetic showers with this type of calorimeter. At present it is not clear
that the redundancy obtained with timing will be required and has accordingly
not been included in our cost estimates for the calorimeter.

Detailed Monte Carlo simulations are needed to further define the calorimeter
requirements and to optimize the calorimeter design. Similarly, the construction
method remains to be fully defined. This will be included in the technical design
report which will be submitted after Phase I approval. At present, we believe
that the best way to build the calorimeter would be to stack layers of lead with
fiber layers supported in a frame sandwiched between layers. Another possibility
would be to use grooved lead to provide both the absorber and the fiber support;
however, it is not clear that it will be possible to place grooves in large area plates
of lead while maintaining the required tolerances. Although the weight of each
calorimeter module will be greater than 4 metric tons and the number of fibers
will be 85000, it is clear to us that it will be possible to build a calorimeter with
these dimensions without encountering significant technical problems.

The readout of the calorimeter will be with phototubes. Due to the presence of
the fringe field from the spectrometer magnet, stable operation of the phototubes
will require either tubes that are relatively insensitive to magnet fields, or else
conventional tubes with good shielding. For the first option we are considering
the new miniature tube R5600 from Hamamatsu, a compact 8 stage tube with a
canister diameter of only a 15 mm diameter and a length of 10 mm. Because of
their small structure these tubes are relatively insensitive to magnetic fields. An
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additional advantage is that of their small size allows them to be mounted on a
printed circuit board several to a board, opening up some interesting possibilities
for an economic readout scheme with local signal processing. We have received a
quote from the manufacturer for these tubes of $200 each in the quantity that we
require. Alternatively we could use conventional phototubes with good shielding
made of one or possibly two layers. The cost of a good 1” tube, including base,
from Burle (S83062E) would be $265 each in quantity, to this would have to be
added the cost of the magnetic shielding.

Since the operation of phototubes in a large fringe field is always problematic,
an interesting possible alternative is the use of avalanche photodiodes to readout
the calorimeter. These are insensitive to magnetic fields of the expected magni-
tude. The smaller gain (~ 500 as opposed to 5x10°) is in part compensated by
an increase in the quantum efficiency (80% as opposed to 20%). This response
is high in the green, allowing for the use of green scintillation fibers which have
much longer attenuation length than those which use blue light. Assuming 5000
photo-electrons per GeV with a phototube, the signal at 100 Mev would have a
2000 photoelectons or a signal of 100 {C, which would require some amplification.
The cost in quantity of these APD’s is $100 and would allow for better segmen-
tation if required, or significant cost savings. We are exploring some operational
issues with these devices. The first is catastrophic damage which has been ob-
served when operated in a beam line. This is understood to be caused by second
breakdown initiated by a nuclear interaction in the device and can be avoided by
operating them in constant current mode, which should be simple to implement
in this low rate environment. The second is the use of muons to set the calibration
scale: this may be too close to the noise level for these APD’s.

In summary we believe that an uncompensated lead-fiber calorimeter is the
best choice for this application where we need to identify showers with energies
between 100 MeV and 20 GeV. The cost estimate for this calorimeter (Section 12)
is approximately $1.1, including 15% EDIA and 25% contingency factors. Since
this is a well developed technology it is not necessary to follow a lengthy or ex-
pensive development path.

6.8 Muon identifier

The purpose of the muon identifier is to allow offline rejection of most v,
charged-current interactions so that the emulsion scanning load is manageable.
Good muon identification is also needed for the proposed Standard Model physics.

One of the most constraining features of the 1990 design was the limited depth
(about 1.5 m) available for muon identification inside the 15-foot bubble chamber
magnet. Identifying muons then required a highly instrumented detector only 6.3
interaction lengths (IL) thick with frequent samplings of pulse height and track
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direction. The new muon identifier, although larger, is a conventional device
based on range of penetration. It is 6 m wide, 5.7 m high, and 2.3 m (12 IL) deep.
The detector will be instrumented after each 38 c¢cm of absorber with crossed
3 c¢m proportional tubes (measuring z’, £” views, at £7.5° from the horizontal),
and 15 cm scintillator paddles measuring the y (vertical) coordinate; see Fig. 24.
Thus both the positions and the approximate directions of penetrating particles
will be measured in order to match them to momentum-analyzed tracks in the
spectrometer,

An unresolved issue is the absorber material. The 2.3 m magnet aperture may
well preclude the use of iron; cost estimates in Section 12 are based on zinc. Fur-
ther study in this area is needed.

6.9 Trigger and data acquisition strategy

In the 1990 design, triggering and readout were a major problem because the
massive coils of the 15-foot magnet were just upstream of the emulsion target.
The estimated neutrino interaction rate in these coils was twenty times that in
the emulsion, and inability to reject most of these coil interactions would have led
to loss of efficiency from readout deadtime.

The revised design has no massive objects upstream of the emulsion. Muons
from the berm will be vetoed by an upstream scintillator wall, and the trigger will
require only that one or more tracks originate in the emulsion and traverse the
magnet to a counter hodoscope. The real charged- and neutral- current interaction
rate in the emulsion is 0.3 events per 1 ms spill.

The readout problem has been considerably simplied by ‘triggerless’ buffered
electronics from Lecroy. Timing signals will be entered directly into LeCroy tim-
ing chips, while pulse areas will first be converted into pulse widths. Analogue
signals then correspond to the difference between leading and trailing edge timing
from the LeCroy device. A satisfactory pulse area-to-width converter has been
developed in SPICE simulations, and a discrete device is being evaluated before
proceeding with custom design. It is now planned that all devices except the scin-
tillating fibers will be stored quickly and continuously in time-stamped buffered
form, thus incurring neglibible deadtime; readout and recording to tape will occur
only between spills. The scintillating fiber information is also buffered, as follows:
The microchannel plate of each fiber readout assembly is gated by the tigger. Sig-
nals are stored by the phosphor of the image intensifier (decay time of ~ 10 usec)
until the simple trigger is formed. Gated signals are then stored in the CCD until
the end of the spill. More than one event per spill may then appear in the CCD’s,
but such multiple events will almost always be widely separated in space because
of the large area of the beam and target.
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7. Analysis

7.1 Selection of oscillation events for scanning

It is impossible to scan all 8 x 10° neutrino interactions which will be recorded
by P803, and a 7-rich subsample containing only a few percent of these interactions
must be selected on the basis of kinematic variables available from spectrometer
reconstruction alone. To avoid the very large potential scan load from CC events,
it will be first be necessary to reject offline all events with a detected muon. The
discriminant analysis technique described below will then be used to choose the
scan sample.

The idea is to use the discriminating ability from several kinematic variables
to form a relative probability Pnc¢ that an event is a specific 7 decay rather than
a neutral current interaction, and another relative probability Poc for 7 decay
rather than a v, charged current event with an undetected muon. One then
selects events by imposing cuts on Pyc and P rather than on the kinematic
variables themselves.

The method was tested and tuned with simulations produced by LUND and
GEANT. Electromagnetic and hadronic interactions in the emulsion and fibers,
bending in the magnet, muon penetration, and apertures of detection devices
were faithfully simulated, while detectors were treated phenomenologically using
the resolution estimates given in Section 6.

The three tau decay modes targeted for discrimination were 7~ v, 7~ (n7%)y
(including p~v), and e”vv. Examples of distributions of discriminant variables
for #~v and p~v selection are shown in Fig. 25. At P803 energies, the 7 decay
products tend to have high total momentum pi..q and total transverse momentum
PTlead Telative to the beam direction, and prieqq tends to be 180° in azimuth ¢ away
from the pr of the rest of the event. In addition, the 7~ (n7°)r and e~vv modes
tend to have large electromagnetic energy fractions. The algorithm first chooses
the most likely 7 decay products for each event by maximizing pieqd, Pricad, and
A¢, and then evaluates Py¢c and Pec from distributions similar to those in the
figure.

Minimal cuts were applied to events before discriminant analysis: at least one
charged particle with p > 1 GeV/c and 6 < 15° for event location; a negatively-
charged assigned 7 decay track with p > 1 Gev/c, the existence of a “rest” of
the event against which to measure A¢, and at least 0.5 GeV (2.0 GeV) of elec-
tromagnetic energy assigned to the 7 decay for the 7=(nz®)v (e"vv) modes. A
conservative 7y-detection threshold of 0.35 GeV was imposed for this selection
process.

The performance of this discriminant analysis is summarized in Fig. 26, which
plots the number of remaining 7’s in each mode, and the resulting scan load,
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against the discriminant” Pyc. Satisfactory t efficiencies, comparable to or
better than those in the 1990 P803 proposal, can be achieved for a scan load of
less than 150K events® from all of the P803 running.

Furthermore, a much richer selection of events in any of the three modes can
be made for early scanning: for example, scanning only 10K events will find half
of the 7~v candidates; or, scanning half of the 150K events will lose only 25% of
the total 7 sample. ‘

7.2 Selection of other samples

Additional scanning of a smaller number of neutrino and antineutrino charged-
current events will be required both to investigate backgrounds and to study Stan-
dard Model physics (Section 2). The scan load for this portion of the experiment
has not yet been determined, but can be bounded from above: if no special kine-
matic selection criteria are used, about 2.5x 10* events must be scanned for charm.
Kinematic selection appears to reduce this number by about a factor of 2, but
more study in this area is needed.

In scanning for charm, the follow-down distance will be increased to 6 mm,
and a scanback technique similar to that in E531 will also be incorporated. In
this latter method, electronic detector tracks whose slopes do not match emulsion
track slopes measured near the production vertex will be located in the down-
stream face of the emulsion block, then followed upstream in an attempt to locate
neutral charm decays.

7.3 Emulsion scanning

7.3a Miniplate technique

The “bulk” emulsion in the active target is actually comprised of sheets 91 x
70 cm? in area and 1.2 mm thick; each sheet has two layers of emulsion coated
on a thin plastic base to preserve dimensional stability, a well-proven [20, 21]
technique. Before the bulk emulsion is scanned, the large sheets are cut up into
7 cm X 7 cm squares and mounted 25 at a time on a “miniplate” 35 cm x 35 cm
square (Fig. 27). These 25 squares are chosen to be consecutive in depth, so that
a miniplate contains all the emulsion information in a tower 7 x 7 cm? wide and
3.0 cm deep. Any position in any square in the miniplate can be accessed by
computer control of the large-stroke microscope stage, allowing any track in the
tower to be followed quickly from sheet to sheet through the depth of the tower.

This miniplate technique worked very well in Fermilab experiment E653 [21],

7A cut on the complementary variable Pcc has already been applied.
8There is = 10% overlap between the three selections.
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resulting in a sheet-to-sheet traceback location time of 0.5 to 1 minute per plate,
compared to 2 to 5 minutes per plate in the earlier E531 experiment in which
this technique was not used. However, it requires careful calibration [21] of the
coordinates on each mounted square. For the large volume of emulsion to be used
in P803, it is estimated that 6 to 9 months will be needed after development of the
emulsion for assembling the miniplates and for calibration. These efforts will be
done in parallel with the calibration and software tuning of the electronic portions
of the hybrid detector.

7.3b Time estimate for scanning and decay search

The key to rapid processing of a large number of scan candidates is the fully
automatic scanning [19] system developed at Nagoya University. This system
presently is used for finding a particular track in low-track-density changable
interface sheets and following it back into bulk emulsion. A semi-automaticsystem
involving a human scanner is then used in the high-track-density bulk environment
for continuing the followback to the primary vertex. Once the primary vertex is
found, all tracks within 15° of the beam direction are followed out for 2.5 mm
under semiautomatic (human) control looking for kinks, which are the candidate
T decays. The approximate time needed for each of these steps is shown below.

Time Estimate for Emulsion Analysis

Interface sheet scanning by automatic system 2-3 minutes/sheet/event

(%6 sheets)
Followback of leading track by semiautomatic system

(= 30% of events) 15-20 minutes/event
Followback of leading track by automatic system
(= 70% of events) 5-15 minutes/event

Search for 7 decay candidates by semiautomatic system  5-10 minutes/event

7.8¢ FEzpanding the emulsion scanning capability

P803 emulsion physicists believe that expanding the semiautomatic scanning
capability beyond the existing stations in Japan, with their trained personnel,
would be logistically difficult, and that expanding this capability to the U.S. would -
be even more difficult.

However, a collaboration of Kobe and Nagoya scientists is working to improve
the automatic scanning devices so that they can also be used in the high-track
density environment of bulk emulsion. This R&D project should be completed
by Spring, 1994. Once complete, expanding the automatic scanning capability is
a matter of duplicating working devices, rather than training additional skilled
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people. The emulsion physicists now envision “farms” of automatic scanners, anal-
ogous to the computer workstation farms now being used for analysis of electronic
experiments, which could be located both in Japan and at Fermilab. Scanning
capabilities would be increased by an additional 50% due to the Fermilab contri-
bution. Good candidates for “farm managers”, persons with experience in both
emulsion and counter work and who are presently working on U.S.-based counter
experiments, have been identified.

The present capability, using semiautomatic scanning, is 2 x 10* events per
year in Japan. However, with the new automatic scanning technology imple-
mented both in Japan and at Fermilab, a capacity of 6 x 10* events/year should
be an achievable goal.

8. Estimate of backgrounds

Candidates for charged current interactions of tau neutrinos consist of events
with no primary muon or electron, and which have a negative kink track with
a production angle less than 15 degrees. Possible sources of background include
tau neutrinos from the primary proton beam dump, charged hyperon and kaon
decays, single-prong decays of charm antiparticles, and ordinary interacting tracks
which scatter without leaving evidence for nuclear breakup in the emulsion.

It is important to note that all sources of background except direct v, are in-
herently measurable, and will be measured in this experiment. For example, one
can scan a subset of non-muon tracks for several centimeters in emulsion. The
number of kink interactions and strange decays per unit length will be roughly
uniform over this distance, while all real 7 decays would occur in the first few
millimeters of path. The number of anti-charm particles produced in 7 interac-
tions can be determined by searching for their decays in events with an identified
primary pt.

Good muon rejection efficiency is important for reducing the number of events
to be scanned, and is essential for reducing the background of kinks from an-
ticharm decays found in the emulsion. Muon efficiency is presented as a function
of neutrino energy in Fig. 28 both for 1~ from all charged-current neutrino events,
and also for u* from antineutrino-produced anticharm.

In the sections below, we discuss individual sources of ba,ckgroﬁnd in increasing
order of severity. The kink-selection criteria are listed in Table 3. As will be shown
below, they reduce the estimated background to approximately one event.

22



TABLE 3.

Kink Selection Criteria

Kink Attribute_ Requirement
Maximum track angle < 15°
Minimum kink angle > 10 mrad
Minimum momentum of secondary > 1.0 GeV/c
Minimum pr relative to parent direction | > 0.30 GeV/c
Maximum decay length < 1.5 mm

8.1 Decays of strange particles

Background from one-prong hadronic decays of negatively-charged strange par-
ticles was studied with LUND-generated neutral current interactions. (Muonic
decays are suppressed by at least an order of magnitude by identification of the
p from the kink). Candidate decays were required to occur in events meeting
the scan selection criteria, and in addition, the secondary track from the kink
was required to meet the kink selection criteria of Table 3 with the exception
of the pr cut. The background under these conditions would be about 1 event.
The distributions in the transverse momentum pr relative to the measured par-
ent direction for strange and 7 decays are shown in Figs. 29 and 30. The ability
to measure the direction of a short-lived parent to obtain a good measurement
of pr is a major strength of emulsion experiments. The pr cut actually used,
0.3 GeV/c, is 30% greater than the maximum pr available in any strange decay.
This cut should suppress the strange background by at least a factor of 100, giving
< 0.04 event.

8.2 Tau neutrinos from the proton dump

Only 20% of the primary proton beam fails to interact in the long production
target for the neutrino horn. Those protons which do not interact are stopped in
a beam dump 150 m from the emulsion. Real v,’s from the decay chain

Dy —14Vq, T—vnt+X
are a potential background to v,’s resulting from oscillation of »,’s.

This source of background has been carefully simulated with a Monte Carlo
program; details of the calculation are described in Appendix C. Known produc-
tion properties of charmed particles and Monte Carlo simulations of charm and
7 decays are used to scale the results of the Fermilab beamm dump experiment
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TABLE 4,
Calculated Yield of Direct v, Events

Assumed P803 E, G, /0, IF P803 Yield/
n-value | Acceptance (GeV) 24x 109 p
2.0 0.0065 28 0.48 0.66 0.17 events
2.5 0.0051 27 0.47 0.60 0.13 events
3.2 0.0039 26 0.46 0.55 0.10 events

E613 [25] from 400 to 120 GeV protons. The calculation is certified by reproduc-
ing the absolute yield of charged current interactions from prompt neutrinos in

E613.

The major uncertainties in the calculation are in the unmeasured charm cross
section at 120 GeV, and in the assumed zr dependence of D, production at that
energy, parametrized as (1 — zz)". The results are summarized below, assuming
the beam flux from Table 2. Even within the limits of uncertainty in production,
direct v,’s are not a serious source of background, due in large part to the low
energy of the proton beam.

Using the best-guess value of n = 2.5, we obtain 0.13 background events from
the beam dump.

8.3 Backgrounds from charm production

There are three types of charm background events: single and associated charm
coming from neutrino interactions and anti-charm coming from interactions of
anti-neutrinos.

Single charged charm generated by neutrinos is positive; a 7 lepton coming
from a charged-current interaction would be negatively charged. For an average
neutrino energy of 16 GeV, the expected yield of charm per event (Fig. B3, Ap-
pendix B) is 2%. The primary muon will be found in 95% of the v, interactions
producing charm, and, most important, any single charged charm produced will
have the wrong sign of charge. The background from single charm can thus be
made arbitrarily small by rejecting kinks with an ambiguously-determined charge
sign.

Associated production of charm is extremely small compared to single charm
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production at these low neutrino energies. However, all events containing tau
candidates would be scanned for a second vertex with an efficiency experimentally
determined to be greater than of 80%.

The most serious source of charm decay background comes from anticharm pro-
duction by antineutrino interactions in which a negative single-prong anticharm
decay occurs, and in addition the primary charged-current muon or electron is
missed. In the estimates below, we use the background 7, and 7; fluxes discussed
in Section 5 and shown in Fig. 10. The ¥, anticharm decay background may then
be calculated as a product of the following factors:

a. Number of charged-current interactions in the target 6.3 x 10°
b. Fraction of interactions from 7, 0.0070
c. Efficiencies affecting both signal and background 0.64
d. Beam-weighted average of anticharm cross section

to ¥, cross section 0.010
e. Probability of missed y* and passing scan selection 0.022
f. Ratio of charged anticharm to total anticharm 0.40
g. Branching ratio for charged charm to 1-prongs 0.43
h. Fraction passing kink criteria 0.46

Number of 7, anticharm events 0.49

Note that there is negligible anti-A. production in a low-energy antineutrino beam.
The decay length cut of 1.5 mm is effective in reducing the background of long-
lived D~ relative to 7’s. Decay length distributions for 7= and D~ passing the
other cuts are compared in Fig. 31.

A similar calculation may be done of the anticharm production by the ¥, con-
tamination in the beam, which from Section 5 is suppressed by an another order
of magnitude below 7. If the identification inefficiency for electrons from the pri-
mary vertex is about the same as that for muons, this source of background adds
only 0.05 events, bringing the total anticharm decay background to 0.54 events.

Further ways of discriminating anticharm decays from r decays are under in-
vestigation. For example, at these low energies the anticharm is produced nearly
back-to-back in azimuth with the g, which is unidentified in the background
events. For real tau decays, the chances of having a track from the rest of the
event very near A¢ = 180° in azimuth is significantly smaller. A simple A¢ cut
will thus be very effective against this background.
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8.4 Background from interactions

The most serious source of background to hadronic 7 decays will be single-
prong interactions of tracks from the primary vertex which show no evidence of
nuclear breakup, called white star kinks (WSK’s). The important issues here are
both the mean free path (mfp) and the pr dependence of these interactions. For
example, if they occur mostly through coherent scattering off the nucleus as a
whole, they will have a very steep falloff in pr, and a modest kink pr cut can
virtually eliminate them. If, on the other hand, WSK events are scattering off
individual nucleons with a typical dependence of €8 =z e~8T, any reasonable
pr cut will have little effect.

Published quantitative information on WSK'’s is rather sketchy [26], indicating
a mfp of about 30 m with an unknown pr cutoff. This 30 m mfp is now known
to be much too pessimistic. Members of this collaboration have exposed emulsion
modules at KEK to 7~ beams of 2.0 and 4.0 GeV/c, and have performed an
efficient scan for kinks; this experiment is described in Appendix D.

The 4 GeV/c data are summarized in Fig. 32, which shows the pr distribution
both for all kinks, which includes those with breakup tracks or short “blobs” at
the vertex, and for the WSK component. The py for each event is inferred from
the kink angle under the assumption that the momentum of the kink secondary
is the same as that of the beam; a WSK background from bremsstrahlung of the
3% electron contamination of the beam has not been subtracted in this data.

From the figure it is clear that white star kinks do have a significantly steeper
pr dependence than the total sample. The falloff of the WSK sample is ap-
proximately e=2P7 (dashed line in the figure) for pr> 0.1 GeV/c. There are 8 .
WSK events with pr> 0.2 GeV/c, which corresponds (Appendix D to a mip of
(50 + 18) m; the exponential falloff in pr then gives a (370 £+ 130) m mfp for
pr> 0.3 GeV/c. The fractional mfp per scanned track with a 0.3 GeV/c pr cut
is then 1.5 x 1072 m/370 m = 4 x 1078,

The rapid falloff in pr is very important; the WSK backgound decreases by
about 1/e for each 0.05 GeV/c increase of the pr cut in this region, while the
corresponding signal losses in all detected modes are about 10%. This is illustrated
in Fig. 30.

The background from white star kinks depends on the number of negatively-
charged tracks from the primary vertex in the sample of events selected for scan-
ning, discussed in Section 7. Note that this background scales with the number of
events scanned, so that efficient scan selection criteria reduce it. WSK background
is estimated from multiplying the following factors:
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a. Number of hadronic 7 decay candidates scanned 1.22 x 10°

b. Negative tracks to scan per selected event 1.1
¢. Scan distance per track 1.5 mm
d. Mean free path for WSK, pr > 0.3 GeV/c 370 m

Number of WSK events 0.54

There is a good possibility of reducing this WSK background even further,
based on a promising approach now under study in Japan. WSK events are stud-
ied under very high magnification, looking for evidence of very short tracks from
nuclear breakup or Auger electrons. This minute scrutiny will be possible in P803
because of the very small number of final candidates. Preliminary studies indicate

that an additional reduction factor of as much as 7 in WSK background may be
obtained in this manner.

8.5 Summed backgrounds

The estimated backgrounds from all sources with the specified set of cuts are
summarized in Table 5. The total estimated background is 1.2 events.

TABLE 5.

Estimated Background Contributions

Source of Background | # Events

Strange particle decays | < 0.04

Direct v, 0.13
| Anticharm decays 0.54
White star kinks 0.54
TOTAL 1.2
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9. Null-limit sensitivity to oscillations

9.1 General sensitivity issues

The sensitivity of the experiment to the probability of v,«s v, oscillations de-
pends both on the estimated background and on the number of 7’s which would
be detected if the v, beam were to be entirely converted to v,. The latter number
is most conveniently expressed relative to the equivalent ideal yield of charged-
current interactions in the target, i.e. the integrated spectrum of Fig. 10 multiplied
by the target mass:

Neg = / dE, [dN../dE,],

where dN../dE, = Number of v, interactions per GeV in the target. From Table 2,
Nce = 6.3 x 108,

Now suppose the same beam has oscillated with 100% probability to v,. The
yield of 7’s would be

N, (100%) = / dE, [dN./dE,] - 5,,/0,, - ¢(E,)

where
oy, /0y, = Energy-dependent cross-section ratio (Fig. 4);

¢(E,) = Energy-dependent 7 detection efficiency. ¢(E,) includes the efficiency
factors listed in Section 9.2 below, and also the branching ratios and energy-
dependent acceptances of all detected 1 modes, given in Section 9.3.

There is thus a correction factor C for the sensitivity which is the weighted
average of the ¢ and ¢ factors over the charged-current interaction spectrum,
C = N,(100%)/Ncc. U no 7 signal is seen, but rather an upper limit N, at
90% confidence level is set, the corresponding limit on oscillation probability (in-
tegrated over all energies) is

N,
Py, — < .
( # Vr ) — Cr s NCC
If no candidates are observed, the 90% confidence level N, is 2.3 events. If
however the expected background is not zero and events are observed, the situation
is more complicated; it is summarized in Fig. 33 (reproduced from Ref. [15]).

Above an estimated background of about 2-3 events, the sensitivity decreases
quite slowly with expected number of background events for fixed C - Ng¢. For
estimated background levels well below 1 event, the sensitivity is nearly linear in
C - Noc. These considerations are important in deciding whether to make cuts
to remove background, since this almost always reduces the 7 detection efficiency,
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TABLE 6.
Efficiency for Detected 7~ Decay Modes

Decay Branching | Efficiency || BRxEffic.

Mode Ratio

[Ty 75 7 0.176 0.0 0.0

2 77 0.179 0.245 0.0439
v, K~v, 0.127 0.369 0.0468

%, 0.244 0.307 0.0749
T~ v, multi-y 0.132 0.347 0.0458
Total 0.21

and therefore C, as well.

9.2 Efficiency factors affecting both signal and background

Event losses due to detection efficiencies € which affect signal and background
in the same way are estimated below. These factors must be applied to all back-
ground estimates. (An event is not backgound if it is never found.) No efficiencies
due to event selection or kinematic cuts are included here, since they affect signal
and background differently.

1. Trigger efficiency (deadtime and veto overkill) 0.85
2. Emulsion fiducial volume 0.90
3. Efficiency in scanning back to the primary vertex 0.93
4. Efficiency for seeing kink (some occur in plastic backing) 0.90

Product of efficiencies 0.64

9.3 Oscillation limits

The detection efficiency € for 7 decay events which meet the scan and kink
selection criteria depends on the decay mode. Multiprong modes are rejected
completely; the efficiencies for the remaining kink modes, averaged over the energy
spectrum of produced 7’s, are given in Table 6. These efficiencies result from the
scan selection cut described in Section 7, and the kink cuts in Table 3; the constant
efficiency factor is not included here.

The factor C' in Section 9.1 is the product of the common constant efficiency
factors (0.64) and the beam-averaged product of relative 7 production cross section
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(0.29) and detection efficiency (0.21), giving C' = 0.039, C - No¢ = (0.039) - (6.3 x
108) = 2.5 x 10°.

Using the estimated 1.2 background events from Section 8 and the curves in
Fig. 33, we find that if 1.2 events are actually observed, the 90% confidence level
limit on the oscillation signal is 3.4 events. Then

N, 3.4

< = = 1.4 x 107°,
=T Noc _ (0.039)(6.3 x 10°) <10

P(v, — v,)

This is a factor of 140 more sensitive than the E531 limit [13] of 2 x 1073,

A similar calculation can be done for v« v, oscillations, using the beam-
simulation estimate of 0.82% v, in the beam; in the actual experiment, the v, flux
will be measured. Because the average energy of v.’s is higher than that of v, we
obtain a larger C, C,, = 0.097, and

- vy) < 3.4
™7 = (0.097) - (0.0082) - (6.3 x 108)

P(ve =6.8 x 107*.

This is 100 times as sensitive as the corresponding E531 limit.

P{v, — v,) may be interpreted in terms of a two-component representation
of neutrino oscillations:

Py, — v,) = sin2(2a)/p(é—)sing(l.276M2%)d%

where p gives the normalized flux of neutrinos in terms of the variable (L/E), L
is the neutrino flight path in meters, E the neutrino energy in MeV and §M? the
neutrino mass difference squared in (eV)2. For large §M? the oscillation length is
small compared to the variation in neutrino flight length, and the (L/E) integral
has an approximate value of 0.5; the P803 mixing angle sensitivity for v, v, in
the large-mass limit is then 2.8 x 10~° at 90% CL.

Plots of P803 sin?(2¢) sensitivity versus éM? for both v, and v, are shown in
Fig. 34, along with existing and expected v, limits from other experiments.
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10. Discovery potential
10.1 P803 discovery potential

An estimated 58% of the P803 7 sensitivity comes from the two-body =~ v and
p~ v modes which have distinctive kinematic signatures and reduced backgrounds.
The anticharm background for these modes is reduced because only a small frac-
tion of one-prong hadronic decays have a single missing neutral and thus give a
high-pr cusp®. The white-star kink background for the v mode is also reduced
because of the smaller number of stiff negative tracks to be scanned for kinks.

We believe that a total T signal of 10 events in these two modes would stand
out convincingly above background in a two-dimensional plot of pr vs. proper
decay time. The discovery potential sensitivity is estimated as follows: 10 events
is 2.9 times the 90% CL background of 3.4 events, and comes from modes with
58% of the null-limit 7 detection efficiency. The P803 discovery potential level
is then about 2.9/0.58 = 5 times the null limit. A similar calculation for E531,
in which there were no background events and 37% of the sensitivity was in the
two-body modes, gives a discovery potential 12 times the null limit.

10.2 Comparison with NOMAD and CHORUS

As the CERN experiments will run earlier, P803 must be shown to have greater
physics reach. In terms of oscillations to v,, P803 ultimately can access an order-
of-magnitude smaller mixing because of higher beam intensity and reduced back-
grounds at lower energies. Because P803 has both the benefit of precision vertex
information and superior magnetic analysis, this experiment will be more power-
ful in verifying a positive signal should one exist. P803 also has an advantage for
ancillary physics which relies heavily on identifying and mass-fitting decays, such
as obtaining V.4 from a precision study of charm production near threshhold.

NOMAD [12] is an all-electronic experiment which concentrates on electro-
magnetic decay modes such as 7 — evv. A strong magnetic field and solid elec-
tromagnetic calorimetry give this experiment excellent ability to make kinematic
selections. However, there is no ability to directly observe short-lived decays.
Being all-electronic, data analysis will proceed quickly, but there will be little
additional evidence to support any claim that tau-decay candidates indeed come
from tau decays.

CHORTUS [10, 11], as shown in Fig. 35, is an experiment which is similar to
P803. It has an overlap in collaborators, and similar emulsion expertise. The
submicron resolution of emulsion renders visible the entire geometry of tau decay

SFor example, the branching ratios for D~ — 7~ K® and D~ — p~ K° are 2.6% and 6.6%,
respectively; D™ — 7~ #% and D~ — K~ ° are singly- and doubly-Cabibbo-suppressed.
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candidates, and permits determination of the parent tau direction in most cases
to better than 2 milliradians.

However, the pr kick of their magnet for hadrons is only 0.022 GeV/c, and it
places a significant quantity of material in the path of analyzed particles. As a re-
sult, particle momenta typically are determined to 20% or worse. CHORUS plans
to preferentially select events with muons, and will attempt to reduce emulsion
scanning load using kinematic cuts on the muon and total hadronic momentum
vectors. The latter comes from energy-flow calorimetry with twice the precision
any previous neutrino experiment.

CHORUS will observe the geometry of tau decays, but both because of limited
momentum resolution and concentration on multi-body decay modes will have dif-
ficulty in determining visible mass and proper decay times. Lack of momentum
resolution also presents difficulties for a variety of ancillary physics. Previous
Fermilab E531 experience indicates that achieving information about charm pro-
duction near threshhold is hampered by severe backgrounds for candidates which
are not fully mass-fit.

P803 has the advantage of using emulsion coupled with typically 3% determi-
nation of charged-track momenta and good electromagnetic calorimetry. A design
which combines CHORUS and NOMAD strengths permits concentration on two-
body decay modes. Masses and proper decay times will be determined for most
found decays.

A shakedown run of P803 can be performed with a 150 GeV beam from the
existing main ring. At a later date, the intense beam provided by the main injec-
tor upgrade permits several additional advantages. First, its low energy reduces
backgrounds such as dicharm production. Secondly, its intensity permits making a
design which sacrifices flux in favor of achieving higher quality per-event informa-
tion. For example, using a thinner emulsion target minimizes multiple scattering
and reduces confusion from secondary interactions. The increased intensity means
that CERN sensitivities can be achieved in a couple of months of running, and
ultimately surpassed by at least an order-of-magnitude.
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11. Resources

A preliminary estimate of costs is given in the next section. We comment on
some items here.

11.1 Fiber development

Although no item is included in the cost estimates, a program in optical fiber
development complementary to that in Japan would be most useful both for this
experiment and for others. This program was begun in 1993.

11.2 Computing

Online data acquisition is rather trivial; present computing and acquisition
techniques are more than adequate to log two events per spill. Offline requirements
are similarly modest by present-day standards. The recorded data from emulsion
target interactions, and from other sources, will certainly be less than 108 events.

Most non-data triggers can be deleted quickly, leaving perhaps a few x107
which will require detailed processing. Typically, these events will have far fewer
tracks than in E653, a previous hybrid emulsion-electronic experiment, or than the
2 x 10'° events from E791, which some of us are now analyzing. Workstation farms
with a total capacity of 2700 MIPS, obtained for E791 analysis, will be available
for P803, and the time to crunch the data will almost negligible compared to the
normal time for calibrating and tuning the programs. However, computing would
be labor intensive. Developing offline software would require at least 5 man-years
over a two year period of calendar time. Most of this can be done prior to running.

11.3 Emulsion processing

It will be important to reconstitute the Fermilab Emulsion Pouring and Pro-
cessing Laboratory used during E653. Some fraction of the emulsion must be an-
alyzed during exposure in order to monitor emulsion quality, track backgrounds,
etc., as a function of time.

11.4 Automatic scanning farm

As discussed in Section 7, scanning time for P803 can be substantially reduced
by farms of fully automatic scanning both at Fermilab and in Japan. A cost
estimate for the Fermilab system is included.

11.5 Civil construction

Careful design must follow physics approval. Estimates at the level of 40% are
presently being carried out by Fermilab for several possible configurations.
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12. Preliminary cost estimates

A. FERMILAB COSTS

1. Costs for Neutrino Beam and Experimental Area

2. Data acquisition and PREP costs $ 300K
3. Upgrading emulsion pouring facility $ 100K
4. Ten automatic emulsion scanning systems $ 500K
5. Spectrometer magnet $ 850K
20% Contingency $ 350K
15% EDIA (items 3,5 only) $ 143K
TOTAL FERMILAB COSTS $ 2243K

(not including beam)

B. EXPERIMENTAL APPARATUS COSTS:

1. Emulsion; one hundred ninety liters @1M yen/liter, $ 1900K
incl. processing and developing.

2. Scintillating fibers tracking $ 700K
900,000 fibers

3. Drift chambers, 18 @$25K each $ 450K
3.1m square, 2.5cm cell size.

4. Drift chamber electronics $ 192K
Preamp, shaping 2400 channels @ $30ea ($72K)
Readout 2400 channels @ $50ea ($120K)
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5. Emcal chamber construction $ 792K

Lead ($57K)

Stand ($50K)

1410 PM tubes and bases ($324K)
1410 PM tubes readout ($56K)

Sci fibers, 508k m @ $.60/m ($305K)

Lo

. Muon range calorimeter $ 2319K

Zine, 1,230,000b @ $1.1/Ib. ($1350K)
Mechanical construction ($100K)
Scintillator ($320K)

456 PM tubes w bases and shields($182K)
PM tube electronics (350K)

Prop tubes and electronics($317K)

7. Veto hodoscope, 24 scintillator counters $§ 47K

(Each 6 in x 12 ft with tubes at each end,
plus $5K for stand)

8. First timing, trigger hodoscope plane 20 counters $ 50K
(Each 6 in x 10ft with tubes at each end and
Winston cone lightpipes, plus stand)

w0

. Second hodoscope plane 24 counters 3 60K

(Each 6 in x 12 ft with tubes at each end and
Winston cone lightpipes, plus stand)

10. Trigger and data acquisition $ 100K
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11. On-line computing, mostly existing $ 35K

{Four workstations with 32 MB memory,
2 gb of disk and two 8mm tape units,
2 printers, 4 X terminals)

12, Off-line computing $ 50K
Existing KSU DEC 5000/50 farms. (8 500K)
SUBTOTAL, NEW COSTS, excl emulsion $ 4795K
25% Contingency, exclude zinc & lead $ 847K
15% EDIA $ 719K
TOTAL NEW EXPT’L APPARATUS COSTS $ 6361K

(excluding emulsion cost)

Note on funding: We request that Fermilab play a substantial role in the
funding for experimental apparatus costs. Use of Fe in the muon range calorimeter
would reduce the experimental cost by nearly $1M.

The $2.6M cost of emulsion and the scintillating fiber tracking system will be
funded by Japanese collaborators. We have assumed an exchange rate of 100 yen
to the US dollar.
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FIG. 1. Monte Carlo decay pr distributions for = — nv, showing the effects of resolu-
tion broadening on the Jacobian peak. (a) perfect resolution in angle and momentum;
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FIG. 2. Demonstration of the pr cusp technique to find a small signal in hybrid
emulsion spectrometer data: leptonic decays Dg — pv from E653. Data points (with
error flags) are the measured distribution of the muon pr relative to the decay di-
rection, for one-prong decays to a muon for events found so far in a partial scan of
E653 emulsion. The solid histogram is a simulation of the expected distribution from
Ds — uv, while the dashed histogram is a simulation of Dt — K% *v.
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FIG. 3. Demonstration of the ability to measure lifetime for unconstrained one-prong
charm decays in a hybrid emulsion spectrometer; events are from the E653 scan for
beauty. The dotted histogram is for 103 two-prong neutral charm, and the solid one
for 101 one-prong charged decays to a muon. The data is uncorrected for acceptance
or detection efficiency. The momentum of each unconstrained decay was estimated
using techniques developed for E653.
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vertex, and a short ‘kink’ track with large decay pr.
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e Plan|View, Scale=25 to 1

FIG. 12. LUND-GEANT simulation of a simple 7= — p~v event, seen in the z
(bend plane) view. The two emulsion targets and the four scintillating fiber modules
are at the left, the bending magnet is at center, and the downstream tracking and
electromagnetic calorimeter are at the right (the muon identifier is not shown).

A 22 GeV v, interacts in the downstream target to produce a a 17 GeV/c¢ 7, which
decays into a 4 Gev/c 7~ and 7’s of energies 6 and 0.7 GeV. Both 7’s convert in the
electromagnetic calorimeter.
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Fig. 13. The same simulated event as in the preceding figure, except that the neu-
trino interaction occurred near the upstream face of the first target. The 6 GeV v
has converted and showered in the emulsion.
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Fig. 14. The same event, as seen in the orthogonal y view.
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Fig. 15. Enlargement of the x view of same event, approximately lifesize. Pictured
is the region of the two emulsion targets and the two post-target fiber modules; the
interface sheets are not shown, and only the z, z’ ribbons of the two fiber modules
are drawn. Each ribbon will have 4-5 hits from a minimum ionizing track. The v,
interaction occurs near the upstream edge of the first target, and one v converts in
the emulsion and showers further in the second emulsion target.

The left fiber module will locate the event by pointing a track into interface sheets,
and thence into the emulsion. It will also be used to find the v conversion after the
7 kink is found. The right fiber module is the first station in track momentum mea-
surement, and also tags the electromagnetic shower topologically.
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FIG. 18. Schematic illustration of a track
scintillating fibers.

in a 7-layer ribbon of 0.5 mm diameter

FIG. 19. Sketch of the arrangement of Nagoya scintillating fiber ribbons and readouts

for the CHORUS experiment.
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FIG. 20. Schematic diagram of one of the

Do

Nagoya fiber readout assemblies used in

the Chorus experiment. The active tapers are image intensifiers, and the MCP is a

gated high-gain microchannel plate.
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Appendix A
STANDARD MODEL PHYSICS IN P803

The combination of 6 x 10® charged current interactions, an intermediate en-
ergy neutrino beam, high precision charged particle tracking, and emulsion-quality
vertex resolution permits several high quality standard model measurements in
the P803 experiment. These include the determination of the CKM matrix ele-
ment V4 to an accuracy approaching the unitarity limit; a 5% determination of
the charm quark mass; a unique exploration of charm production dynamics in
neutrino scattering; and the first precision extractions of the structure functions
Fy(z,Q?) and zF3(z,Q?) using neutrino data in an z,Q? regime which overlaps
comparable electroproduction data from SLAC.

Charm physics

The charm-to-down CKM transition element can only be measured using the
neutrino production of charm. Except for FNAL E531 and a few low statistics
bubble chamber experiments, all information currently known about charm pro-
duction in neutrino physics comes from studies of di-lepton production. Such
measurements have reached high statistics, but they are plagued by theoretical
and experimental model dependences. Examples of such sources of systematic
error include charm quark fragmentation, relative species population of charmed
hadrons in the final state, charmed hadron branching ratios, charm-anticharm
misidentification, and large dilepton backgrounds from = and K decays. At a
fundamental level, dilepton experiments cannot measure the charm production
kinematics due to the missing neutrino from the semi-leptonic decay.

The current best measurement of V,; has a precision of 8%, with the error split
roughly equally between statistical and systematic contributions. The charm mass
m. 1s measured to an accuracy of 240 MeV.,

P803 can make a major advance in neutrino charmed physics. The ability to
topologically identify charm allows for the nearly complete elimination of branch-
ing ratio, species production, and fragmentation related errors. Furthermore, by
removing semi-leptonic decays from the charm sample, one can measure, for the
first time at high statistics, the Bjorken z, inelasticity y, and fragmentation pa-
rameter z distributions. About 140,000 charmed particles are expected to be
produced for the six million charged current events. The experimental challenge
is the identify the charm with minimal reliance on scanning.

V.q and m,

The sensitivity to Vg can be understood by considering the following first



order cross sections for neutrino production of charm off an isoscalar target:

do(wuN — p=eX) _ GLME m?

dzdy (=g (Ve (V (6, Q) 4Q(6 @)+ Vol 256, Q7).

In this expression, m. is the effective charm mass; V4 and V,; are CKM matrix
. 2, .
elements; z and y are the usual scaling varaiables; { ~ (14 7%) is the momentum

fraction of the proton carried by the struck quark; and V (¢, Q?%), Q(¢,@?%), and
S(¢,Q?) are the valence, non-strange sea, and strange sea parton distribution
functions, respectively. At first sight it would appear that there are too many
parameters in the cross section to have sensitivity to V.,. However, if one places
the restriction that z > 0.4, the sea quark contributions essentially vanish, and
the remaining dependence is on the theoretically better understood valence quark
distributions (which P803 can measure), the desired CKM parameter, and m..
Even the m. dependence is fairly weak since the charm threshold suppression is
strongest at small z. One approach to extract V; is thus to cut on z, which is
possible in principle for topologically identified charm events.

A second approach would be to combine the P803 charm cross section measure-
ment with neutrino dimuon data from FNAL E744/770. The older experiments
effectively determine the strange sea, while the new experiment is highly sensitive
to m. owing to the lower energy beam. As discussed in Appendix B of this pro-
posal, such a combined fit can determine, albeit in a model dependent way, m. to
a precision of 30 MeV and V4 to +£3%.

. The model dependence of the two methods sketched above can largely be
eliminated if one can also measure the anti-neutrino rate as a function of energy.
To leading order again:

do(vN — pteX) _ GLME m?2

o 0 g IVl QUE @) + IVal” - 25(6)

The difference between neutrino and anti-neutrino cross sections depends only
on V.4, m., and the valence quark distribution. Higher order QCD corrections
which depend on the gluon distribution function also cancel in the difference.
If the difference in integrated charm production cross sections, o(c) — ¢”(c), is
normalized to the difference in the total neutrino cross sections, o*(X) — o”(X),
one obtains, again to first approximation:

Rc el A RE
1-r
where Rc = ¢¥(c)/o¥(X) and Rs = 0°(c)/o”(X) are measured in P803; and
r = o’(X)/e¥(X) = 0.518 £+ 0.006 from previous measurements. With 2000

reconstructed neutrino charm events and 500 reconstructed antineuirino charm
events, it is estimated that P803 can measure V4 to +4% and m, to £0.03 GeV.

Rg =

4



This is consistent with the estimate in Appendix B, and the technique is much less
model dependent. The drawback is that 2500 charm events must be topologically
reconstructed; however, this number is not inconsistent with the maximum scan
load of the experiment.

Charm production dynamics

At low energies, higher order QCD production mechanisms for charm via
W boson-gluon fusion are comparable to the leading order processes. This can
be qualitatively understood by considering the relative probability for producing
charm from a d quark vs an s quark vs a gluon. The d quark is more plentiful in
the nucleon than s, but the cross section is CKM suppressed. The s quark is less
plentiful than the d quark, but the cross section is CKM allowed. The gluon cross
section is suppressed by ag, but gluons are the most plentiful of all the partons in
the nucleon. There is considerable controversy currently concerning the relative
importance of the production mechanisms and their influence on quantities such
as the magnitude of the strange sea. Another interesting topic will be that of
neutral current production of charm, which proceeds only through gluon initiated
digrams. Using standard PDFLIB parton distributions, one estimates 100-300 cc
pairs for the full data sample.

P803 offers a unique opportunity to study these questions concerning charm
production dynamics. The major advantages are the ability to fully reconstruct
the event kinematics, since reliance on semi-leptonic decays is not necessary, and
the potentially high statistics available in the kinematic regime where the relative
strength of gluon-initiated vs quark-initiated cross sections should be changing
rapidly.

The challenge in doing detailed charm production physics will be to acquire
the necessary statistics while keeping the scan loads low. Since one will want to
study differential cross sections as opposed to total rates, one would like to have
on the order of 20,000 charm events vs the 2500 for V,; and m.. To make this
practical requires using spectrometer information to try to produce a sufficiently
enriched charm sample. Areas under study include the tagging of exclusive final
states and the partial reconstruction of final states in conjunction with kaon iden-
tification.

Structure functions

The P803 neutrino energy spectrum is roughly comparable to beam energies
used by SLAC electroproduction experiments. SLAC data dominates measure-
ments of Fy(z,Q?) for Q? < 10 and z > 0.1. There are no precise neutrino
measurements of Fy(z,@?) in this kinematic range; and there are virtually no



measurements at all of the parity violating structure function zFs(x, @?), which
can only be measured using neutrino beams. P803 could thus contribute substan-
cially to the understanding of nucleon structure at moderate Q2. It should be
noted that structure function measurements require no scanning of the emulsion.

The most interesting physics is that governing the transition from the non-
perturbative description of the nucleon to the simple QCD corrected quark par-
ton model. Higher twist contributions to the structure functions could be 50% or
more at £ > 0.5. These contributions cannot currently be calculated; thus it is
important to provide theorists with good data for guidance in building models.

Standard Model competiton from NOMAD and CHORUS

NOMAD offers no direct competiton in charmed physics because the experi-
ment cannot topologically identify charm. They will be able to perform di-lepton
based analyses; and perhaps they can reconstruct a sample of exclusive final states.
No matter what, they are still stuck with significant model dependences. In par-
ticular, they must understand very well the missing energy distribution inherent
in di-lepton events; this has proven difficult in previous horn beam experiments,
e.g. CDHS, due to the rapidly falling neutrino energy spectrum. Indeed, CDHS
was unable to understand their charm data in the context of the standard slow
rescaling model.

CHORUS can essentially do what P803 can do with charm, but with 20x less
statistics and an inferior spectrometer. They will have difficulty improving on
current measurements due to statistical considerations alone.

NOMAD should do well with conventional structure function measurements;
although they will have 6x fewer events. History has shown that several preci-
sion measurements of structure functions are needed to sort the physics from the
systematics; so the availability of results from P803 and NOMAD will be valuable.



Appendix B

AN ALTERNATIVE METHOD OF EXTRACTING V.d AND M,
FROM CHARM PRODUCTION BY NEUTRINOS NEAR THRESHOLD!

Data on charm production by neutrinos and antineutrinos permits in principle
the determination of several quantities of great interest for testing the standard
model: the absolute square of the K-M matrix element V.4, the effective charm
quark mass M., and the structure function for the strange sea. Because these
quantities enter the data in a highly correlated way, extracting them with precision
has been difficult. For example, preliminary dimuon results [1] from Fermilab E744
based on 1500 v and 300 7 events determines |V,4| to £8% and M. to 0.5 GeV,
provided that statistical and systematic errors are added in quadrature. A more
conservative treatment of systematic errors would make |V,4| uncertain to +£13%.

Measurements of charm production near threshold which will be a byproduct
of this proposed v, ++ v, oscillation experiment will allow determination of |V,4|
to +£3%, and of M, to better than +0.05 GeV, if sources of systematic error are
carefully handled.

In the P803 hybrid emulsion spectrometer, the decays of charm will be observed
directly in the emulsion target; the acceptance in x and y is nearly 100%. High
sensitivity to neutrino production of charm near threshold results in large part
from the intense medium-energy v and 7 beams available from the new Fermilab
Main Injector. The spectrum shape is ideally matched to charm production and
should provide a nearly constant yield of charm events between 8 and 40 GeV.

Neutrino production of charm in the parton model is described by

2
g:z.:'% & “‘/cdlz"s:fval(ga Qz) + 'Védlzgfdsea(& Qz) + lmslzgfssea(ga Qz)] (l)

(1 - MZ2/(2MNEE)) - O(W? — (Mp + My)?)

while for production of anticharm by antineutrinos

T o Vel 6. 0°) # VP 6,07 @

1 — MZ/(2MNE§)] - ©(W? — (Mp + MN)?).

In these expressions the step function © ensures that the hadronic mass is sufficient
for producing charm, and the slow-rescaling variable § = = + M?/(2MyE.,y)

1This section is reproduced from the 1990 version of the P803 proposal.



replaces x in the structure functions f;, suppressing the cross section most strongly
at low y and E,. The additional suppression factor [I — MZ2/(2MyE, )] arises
from the mixed helicity of a charm quark of finite mass. Antineutrino production
of charm is predominantly off the strange sea, while ud valence and ssea make
roughly equal contributions to neutrino production at high energy. Slow rescaling
causes a greater reduction in the ssea contribution relative to ud valence at low
energy because of the much steeper ssea x-dependence.

To investigate the improved sensitivity to |V.4| and M, from low-energy data,
a simple calculation was performed evaluating (1) and (2) on an (x,y,E,) grid
for several values of M.. In this exercise the structure functions f,o; and fiseq
were given by the parametrization of Reutens [2] from Fermilab E616 data, while
for f,sea three different parametrizations were tried, the default version being
£ fosea = 0.133(1 — £)1%8 as suggested by preliminary results [1] from E744.

The effects of slow rescaling are illustrated in Figs. Bla and B1b, which are
Lego plots showing the ud valence and strange sea contributions to d*c/dzdy for
v+ N — C+ X at E,=15 GeV. (The single filled bin at lower right is a “ruler”
of constant d?c/dzdy to establish the relative scale of the two figures.) The
W? threshold and the increasingly strong effects of slow rescaling at low y are
apparent, as is the severe suppression of the ssea contribution from slow rescaling.
The energy dependence of this suppression is illustrated in Fig. B2, which shows
the relative sizes of the contributions to » + N — C + X together with the data
from dimuon [1],[3] and hybrid emulsion [4] experiments.

- Figures B3a and B3b illustrate the sensitivity of the v, 7 charm cross sections
to the slow rescaling parameter M, for a fixed parametrization of the strange
sea. In addition to the data points from the existing experiments, these figures
include simulated data from a very conservative estimate of the yield from PR03:
500 » and 200 ¥ events with a binning in F, based on the beam spectra in the
proposal. It is clear that if the size and shape of the strange sea is known, the low-
energy 7 data pins down M, with great precision, which then allows an excellent
determination of |V,4| from the v data.

The effects of incomplete knowledge of the strange sea were investigated using
three different parametrizations, illustrated in Fig. B4, which probably more than
span the present uncertainties.

L. stsea = 0133(1 - 6)10.8;
2. éfssea = 0-5fudsea, with ffudsea as per Reutens [2],
3. éfssea = 063(1 - é)sgfudsca-

For each description of ssea a fit was performed to the E744 and (simulated) P803



v,V data to determine 3 parameters: |Vig|/sin(d¢); the amount of strange sea
relative to the input; and M,. The results gave errors of £2.4% to +2.7% on
|Vzal, and £0.031 to £0.037 on M, for each fit. The maximum variation among
parametrizations was +5% for |V.4|, and £0.10 GeV on M,. Extracting maximal
physics from the data will require obtaining the best available parametrization of
the strange sea from existing high-energy data, and a careful measurement of the
X,y dependence of 7-produced anticharm in P803 itself, to reduce this source of
systematic error below the small statistical errors. At least one ambitious program
to parametrize structure function is now.well-advanced [5].
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Appendix C

BACKGROUND FROM BEAM DUMP TAU NEUTRINOS

The source of the horn-focussed muon neutrinos for P803 is a 120 GeV proton
beam passing through a 2.0 interaction length target 470 m upstream of the
detector. The remaining protons are then stopped in an iron beam dump only
150 m from the emulsion. Real v,’s from the decay chain

Dy — = +77, 77— v+ X (1)
are a potentially serious background to »,’s resulting from oscillation of v,’s.

In this Appendix we summarize a calculation of this direct v, background
which uses known production properties of charmed particles and Monte Carlo
simulations of the decays (1) and

D-y,+X (2)

~ to scale the results of the Fermilab E613 [1]. That experiment measured the yield
of (2) from charm produced by dumping 400 GeV protons on a tungsten target.
The calculation parametrizes charm production by

o« (1 —zp)e 10, (3)

and assumes that D, and D production have the same x, pr dependence at a given
beam energy. The 7 decay modes are taken from PDG 1992 [4].

Simulation of v, Charged-Current Yield from E613

The simulation program was checked by calculating the absolute yield of
vy charged-current events from E613 [1]. E613 used a Pb and liquid scintilla-
tor neutrino target with a fiducial mass of 75 tons and a fiducial frontal area
of 264 cm x 111 cm (2.3 x10° gm/cm?) located 56 m from the proton dump.
This detector was offset horizontally so that the beam passed 24 cm inside one
edge. The measured yield of v, charged-current events with E, > 20 GeV was
43.6+7.4 per 10'® protons, with an inferred DD production cross section from
400 GeV protons on tungsten of 57+2.94+8.5 ub/nucleon, n=3.2 (+ approx. 1.0),
and atomic weight dependence of A%75%0-05 egsentially the same as A%72 for the
absorption cross section of protons on nuclei. The experiment was insensitive to
production at zz below about 0.2.

For comparison, DD production data from LEBC for 400 GeV protons on hy-
drogen [5], sensitive to all positive zz, finds a pair cross section of 30.243.3 ub and
n=4.9+40.5; there are no events for zr> 6. Since (3) is an empirical parametriza-
tion and no single experiment has good data over the full range of zp, it is certainly
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possible that the effective n is actually somewhat different for small and large z .
Note that P803 is sensitive to large-xr production.

The yield from E613 was calculated using several values of n and a DD crossec-
tion of 57 pb. The experimental corrections (total factor 0.83) specified in [1] have
been applied. The resulting simulated absolute yields are in excellent agreement
with the measured rate of 44 per 10 protons for n~3.5; this gives us confidence
that our simulation is valid.

Table 1. Calculated Yield of v, Charged-Current Events from E613.

Assumed EGi3 E, IF E613 Yield
n-value | Acceptance | (GeV) per 101 p
2.5 0.101 64.4 0.522 77.9
3.2 0.0824 55.3 0.464 54.3
4.0 0.0673 51.1 0.412 41.2
4.9 0.0552 32.5 0.367 21.5

In the estimates of direct v, event yields for P803 in the next section which are
scaled from E613, the E613 values of n and DD cross section, rather than those
from LEBC, will be used, because a) the large-zr data is more relevant; and b)
if the A-dependence of high-zx charm production is somewhat different than that
of proton interactions, tungsten-target data will be a better approximation to an -
iron dump than hydrogen data.

Scaling to Direct v Event Yield for P803

A. Proton flux. This yields for this proposal are based on 13x10%° protons on a 2.0
interaction length, half-density 3 mm diameter target in which 80% of the protons
interact, leaving 0.20 of these protons, or 2.6x10%, to strike the dump. There
should be no significant production of charm by secondaries from the production
target because of the low energy of the beam.

B. Neutrino target mass/area. The emulsion target of P803 will have 0.206 tons/m?,
compared to 25.6 tons/m? in the fiducial volume of E613; the ratio is 0.0081.

C. Energy dependence of DD cross section. There is data from NA32 [6] on DD pro-
duction on silicon by 200 GeV protons (9 events). The cross section (all zF) is
3.0+1.4£0.2 ub, with n about 5.5. Production data by =~ from the same experi-
ment (with much better statistics) gives 5.170:$+0.3 ub for 27>0 and n=2.5+0.3.




Another approach is to use theoretical calculations to extrapolate downward in
energy. Results of two such calculations [7],{8], are shown in Figs. Cla and Clb;
a conservative value of the decrease between 400 GeV (4/s = 27.4) and 120 GeV
(/s = 15.0) is a factor of 6 (0.17).

D. Ratio of D, to D production. A preliminary measurement [3] from E653 (800
Gev protons) is D,/D=0.2, which we take as an upper estimate at 120 GeV.

E. Semileptonic branching ratios. We assume a branching ratio for D,— 7 v, of
3.7%, inferred from the measured [9] D;— p v, branching ratio, and a production-
averaged semimuonic branching ratio for D of 10%. There is an additional factor
of approximately 0.5 which arises as follows: we detect only 7, and are almost
completely insensitive to the low-energy v,’s from D, decay. In production of D;,
it is much more likely that a D,will be produced as D,D than as D,D, . On
the other hand, when E613 detects v,, either member of the DD pair could have
produced the neutrino. The scaling factor is then (0.037)(0.5)/(0.10)=0.19.

F. Angle and energy acceptance. The P803 detector subtends an angle of 6.0 mr
from the dump, and is inefficient for detecting v,’s below 10 GeV. Geometric ac-
ceptances are presented for several values of n in Table 2 below; the acceptance
is quite sensitive to n. Since n is generally observed to increase with energy, one
expects n to be less than 3.2 at 120 GeV. For the best-guess value of n=2.5, the
acceptance is 0.0051, compared to 0.0824 for E613, a ratio of 0.062.

G. Average neutrino energy, and energy dependence of o,,/0,,. The charged- cur-
rent cross section is proportional to E,, which will be lower in the 120 GeV beam
than its average value of 55 GeV for E613. In addition, v, interactions are sup-
pressed at low energy due to kinematic effects. The value of F, for accepted
events is a weak function of the assumed value of n. For n=2.5, F,=27 GeV,
0y, /0,,=0.4T7; the ratio is (0.47)(27)/(55)=0.23.

H. Detection efficiency for v, events. Beam dump v,’s are subject to the same
event-finding losses and cuts as oscillation v,’s, a factor of approximately 0.15.

We now put these factors together for an assumed n=2.5. Results for other
values of n are presented in Table 2.

Yield of beam dump v, events = (44/10'®protons) - (2.6 x 10?°protons) - (0.0081)
- (0.17) - (0.2) - (0.19) - (0.062) -(0.23) - (0.15)
= 0.13 detected events.

The uncertainty in this estimate is at least a factor of 2; however, direct v,’s do
not appear to be a significant source of background. A factor 10 reduction in the
already low direct v, event rate could be obtained by deflecting the proton beam


http:0.47)(27)/(55)=0.23
http:0.037)(0.5)/(0.10)=0.19

before it strikes the dump.

Table 2. Calculated Yield of Direct v, Events for P803.

Assumed P803 E, v, /0, TF P803 Yield/
n-value | Acceptance | (GeV) 2.4 x 10%° p
2.0 0.0065 28 0.48 0.66 0.17 events
2.5 0.0051 - 27 0.47 0.60 0.13 events
3.2 0.0039 26 0.46 0.55 0.10 events
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Appendix D

MEASUREMENT OF THE MEAN FREE PATH
AND TRANSVERSE MOMENTUM DEPENDENCE
OF WHITESTAR KINKS

The dominant background to hadronic 7 decays in this experiment is expected
to be single-prong interactions of tracks from the primary vertex which show no
evidence of nuclear breakup, called whitestar kinks (WSK’s). As discussed in the
main body of the proposal, knowledge of the mean free path (mfp) for WSK’s
as a function of the transverse momentum pr relative to the parent direction is
essential for understanding the achievable sensitivity. An experiment has been

performed at KEK by members of this collaboration to measure this quantity
with 7~ beams of 2 and 4 GeV/c.

The setup for the KEK experiment is shown in Fig. D1; it was performed in
a magnetic field of 1.2 Tesla. The emulsion was divided into a main block which
acted as a target and kink analyzer, and sheets separated by low-density spacers
in which the secondaries were detected. The 7~ beam was 2 X 2 cm? in area,
and contained a 3% contamination of electrons. The emulsion was exposed to a
density of 10° to 10° tracks/cm?.

The 4 GeV/c sample has been scanned by both the beam-following and scan-
back methods. The results presented here are based on an analysis which obtains
the pr of the kink from the product of kink angle and the parent momentum.
Therefore, WSK’s due to bremsstrahlung by the electron contamination in the
beam have not been removed. Since the interest for P803 is in kinks with pr above
about 0.2 GeV/c, the scan was allowed to be inefficient for kinks with angle less
than about 0.03 radians.

A total of 727 multiprong interactions, and 145 kink interactions with angle
> 0.2 radians, were found. These include 58 WSK’s and 87 kinks with evidence
of nuclear breakup (dark evaporation tracks or blobs). The 817 interactions cor-
respond to the known mean free path of 50 ¢cm for 7~ in emulsion.

The pr spectra of all kinks, and for WSK’s, are shown in Fig. D2; there are
no WSK events between 0.3 and 0.6 GeV/c, and one additional WSK event (off
scale) with a pr> 0.6 GeV/c. As shown in this figure, the total kink sample has a
pr dependence above 0.1 GeV /c of approximately e~1°7, while the WSK’s have a
much steeper dependence of about e~2%7. There are § WSK with p7> 0.2 GeV/c,
corresponding to a mfp of (0.50 m)-(817)/(8+2.8) = (50+18) m. The exponential
pr dependence then implies a mfp of (370 & 130) m for pr above 0.3 GeV/c.
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ERRATA - P803 PROPOSAL

To avoid possible misunderstanding, we request readers to note and correct
the following errors in the October, 1993 P803 proposal:

1. Page 17, third paragraph (electromagnetic calorimeter). The text should
read

... is approximately $1.1M, including 15% EDIA and 25% contin-
gency factors.

2. Page 24, Table 4: The heading of the final column should read
P803 Yield/13 x 10 p

The stated direct v, backgrounds in this column correspond to 13 x 10%°

tons.

pro-

3. Appendix C, Table 2: same correction (identical to Table 4 in the body of
the proposal).






